H ospitalized children commonly receive multiple antibiotics. 1, 2 Although they are lifesaving in the setting of severe infection and sepsis, some antibiotics can result in acute kidney injury (AKI), 3, 4 which is associated with an increased risk of chronic kidney disease and death in children. [5] [6] [7] [8] Identifying antibiotic combinations with a decreased likelihood to cause AKI is important to reduce the negative sequelae among children treated for suspected serious infection or sepsis. Vancomycin hydrochloride and a broad-spectrum β-lactam antibiotic are often administered in combination to empirically treat children admitted with suspected serious bacterial infections. Vancomycin is the drug of choice for suspected serious gram-positive infection, and the β-lactam antibiotic provides the necessary gram-negative coverage. Despite its effectiveness, vancomycin has been associated with AKI in up to 22% of children, 9-13 a risk that may increase in the setting of concurrent administration of other nephrotoxic agents.
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Several adult studies have suggested that adding piperacillin sodium/tazobactam sodium (TZP) to vancomycin increases the risk of AKI, compared with the use of vancomycin alone or in combination with certain β-lactam antibiotics. [14] [15] [16] [17] [18] [19] [20] Limited data exist, however, on whether the combination of TZP and vancomycin is associated with increased nephrotoxicity in children. 21, 22 Using a large administrative data set, we assessed the risk of AKI in children who concomitantly received intravenous (IV) vancomycin plus an antipseudomonal β-lactam antibiotic during the first week of hospitalization. We hypothesized that the combination of vancomycin and TZP is associated with an increased risk of AKI in children. The results are immediately informative to clinicians administering empirical antibiotics to children admitted with suspected severe infection or sepsis.
Methods

Study Design and Data Source
We conducted a retrospective cohort study of hospitalized children receiving IV vancomycin plus 1 antipseudomonal β-lactam antibiotic at 6 large pediatric hospitals between January 1, 2007, and December 31, 2012. These hospitals contribute administrative and laboratory data to the Pediatric Health Information System Plus (PHIS+) database. The PHIS+ database incorporates the clinical and financial data contained in the Pediatric Health Information System (PHIS), 23 augmented with laboratory and radiology data of children seen in the ambulatory and inpatient departments of the 6 hospitals. The Children's Hospital of Philadelphia Institutional Review Board has judged that the PHIS+ database contains data that are not readily identifiable, and thus its use exempts our study from the requirements for prospective review and approval. 
Study Population
We identified children 6 months to 18 years of age who were admitted through the emergency department and were given combination therapy, which consisted of IV vancomycin plus 1 antipseudomonal β-lactam agent (ceftazidime sodium, cefepime hydrochloride, TZP, meropenem, or imipenem/ cilastin sodium), on at least days 1 and 2 of hospitalization; ticarcillin disodium/clavulanate potassium was not included because it was given infrequently (n = 9) and not at each hospital. Because the first calendar day associated with a hospital admission is inherently less than 24 hours and antibiotics given in the emergency department may differ from those administered when the child becomes an inpatient, the second calendar day of an admission was considered hospital day 1. For patients admitted more than once during the study period, only the first admission was included. We excluded patients who were hospitalized for fewer than 3 days; had an International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) discharge diagnosis code of kidney disease other than acute renal failure, including chronic kidney disease (580-583, 587, 590-2, 593.1, 593.3-5, 593.7-8; eTable 1 in the Supplement) or an ICD-9-CM procedure code that may be associated with chronic kidney disease (39.27, 39.42-3, 39.50, 39.53, 39.93-4, 55.52-4, 55.6; eTable 1intheSupplement); had an ICD-9-CM procedure code for dialysis (39.95 or 54.98) during the first 3 days of hospitalization; or had an ICD-9-CM procedure code or charge for extracorporeal membrane oxygenation (36.95) during the first 7 days of hospitalization. To reduce the potential for ascertainment bias, the level of serum creatinine (SCr) had to be measured (1) at least once during hospital days 0 to 2, (2) at least once on hospital days 3 to 7, and (3) no fewer than every 4 days during the hospitalization, as validated in the literature.
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Exposures
For our primary analysis, we grouped patients on the basis of the combination therapy they received: vancomycin plus TZP or vancomycin plus an antipseudomonal β-lactam antibiotic
Key Points
Question Is the combination of intravenous vancomycin hydrochloride and piperacillin sodium/tazobactam sodium associated with the development of acute kidney injury in children?
Findings In this multicenter cohort study that included 1915 hospitalized children prescribed combination therapy, the concomitant administration of intravenous vancomycin plus piperacillin/tazobactam, compared with vancomycin plus other antipseudomonal β-lactam antibiotics, was significantly associated with an increased risk of acute kidney injury.
Meaning Pediatricians must be cognizant of the potential added risk of this combination therapy when making empirical antibiotic choices.
(ceftazidime, cefepime, meropenem, or imipenem/cilastin). Patients who received multiple β-lactam agents plus vancomycin on hospital day 1 or 2 were excluded. Because the choice of antipseudomonal antibiotics may vary by hospital, the groups were chosen owing to the similarity in their spectrum of activity and clinical indications for the drugs they used. In addition, children receiving non-antipseudomonal, as opposed to antipseudomonal, β-lactam agents likely differed at baseline in several ways, such as severity of illness, number of previous health care exposures, and underlying conditions. Such differences could introduce bias in the comparison of cases of AKI between patients receiving vancomycin plus TZP and patients receiving vancomycin plus any β-lactam antibiotic.
Outcomes
For each patient, the presence or absence of AKI was determined each day using SCr data from hospital day 0 through hospital day 7 (or discharge), whichever was sooner. The KDIGO (Kidney Disease: Improving Global Outcomes) criteria were used to define AKI 26 as an increase in SCr level by 50% or higher from baseline or by 0.3 mg/dL or higher (to convert to micromoles per liter, multiply by 88.4) within 2 hospital days or fewer. The SCr level had to be 0.5 mg/dL to qualify as AKI if the 50% change criterion was met. A SCr-based AKI definition was used because the PHIS+ database does not include patient heights to allow for back calculation of the glomerular filtration rate; urine output was also not captured by the PHIS+ database. Because laboratory data preceding admission were unavailable, the baseline SCr level was calculated using the lowest SCr level on hospital days 0 to 2; the lowest level was chosen to allow for minor perturbations in the initial SCr level measurement secondary to dehydration, which can occur on presentation to care. The primary outcome was antibiotic-associated AKI (AA-AKI), defined as AKI occurring on any of hospital days 3 to 7 and within 2 days of the last administration of vancomycin plus an antipseudomonal β-lactam antibiotic combination therapy. Given that the primary exposure required combination therapy on at least hospital days 1 and 2, AKI identified on hospital days 0 to 2 would, by definition, precede the exposure window. Therefore, patients with AKI on hospital days 0 to 2 or a baseline SCr level above the upper limit of published normal values 27 for age and sex were excluded.
Covariates
Demographic data, such as age, sex, and race, were collected from the PHIS+ database. To account for variation in chronic medical conditions, and identify patients with medical problems that precede hospitalization, complex chronic condition codes were derived using ICD-9-CM codes and dichotomized as 0 to 1 or 2 or more. These codes have previously been used to detect the presence of a chronic condition in a hospitalized patient.
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Because patients may present to the hospital with varying degrees of acuity of illness, data from the PHIS+ database were leveraged to identify patients requiring intensive care unit (ICU) level of care each day based on resource utilization and any procedure associated with cardiovascular or respiratory support (vasopressors or mechanical ventilation). 29 Physical admission locations were not used. Patients were categorized based on the ICU level of care received at any time on hospital days 0 to 2 or on any given hospital day. Receipt of concomitant nephrotoxic medications (eTable 2 in the Supplement) the preceding day was categorized as fewer than 2 vs 2 or more each day. Because the injurious outcomes of nephrotoxins may be summative, continuous nephrotoxin exposure, defined as receipt of multiple nephrotoxic medications for more than 2 consecutive days, was also identified. Intravenous contrast administration on the preceding day was separately evaluated. Data on the first vancomycin trough concentration for each patient on hospital day 1 or 2 were also collected.
Statistical Analysis
Baseline (hospital days 0 to 2) characteristics of patients with or without subsequent AA-AKI were compared using the Wilcoxon rank sum test for continuous variables and the χ 2 tests for categorical variables. Baseline characteristics were also compared across the combination therapy groups. Temporal trends in AA-AKI incidence were assessed using negative binomial regression to evaluate AA-AKI by each year of the study. Median vancomycin trough concentrations were compared for the subset with available data, as were the proportions of patients in each combination therapy group with a first vancomycin trough more than 15 μg/mL and more than 20 μg/mL (to convert to micromoles per liter, multiply by 0.690). We performed multiple logistic regression using a discretetime failure model to test the association between AA-AKI on any given hospital day and receipt of either vancomycin plus TZP or vancomycin plus another 1 antipseudomonal β-lactam antibiotic. Time was modeled using a day indicator. Patients contributed days to the model until the detection of AA-AKI, hospital day 7, or 2 days after the end of vancomycin plus an antipseudomonal β-lactam agent combination therapy, whichever occurred first. The association between covariates and AA-AKI was first evaluated using a model adjusting for the combination therapy group and for hospital day. Then, the final multivariable model was constructed, including ICU level of care, exposure to concomitant nephrotoxic medications, and hospital that admitted the patient a priori, along with other covariates if P < .20 or if inclusion resulted in a change in the point estimate of the combination therapy group by 10% or more. We did not evaluate vancomycin trough concentrations because we could not verify through the PHIS+ database the timing of measurement of the preceding doses. To evaluate the potential influence of confounding by an unmeasured covariate on the observed measure of association between the combination therapy group and AA-AKI, we conducted a quantitative sensitivity analysis (eAppendix in the Supplement).
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In addition, we examined the influence of our definition of baseline SCr level by repeating the multivariable analysis in a subset of patients whose SCr level measurements on hospital days 0 to 2 were less than the median for age and sex. 27 Hospital outcomes (length of stay and in-hospital mortality) of patients with or without AA-AKI were compared using the Wilcoxon rank sum test and the χ 2 tests, respectively.
Multiple logistic regression determined the association of AA-AKI with in-hospital mortality, adjusting for the combination therapy group and other baseline (hospital days 0-2) covariates if P < .20 or if inclusion resulted in a change in the point estimate of AA-AKI by 10% or more. P < .05 was considered significant, and all P values reported were 2-sided. All analyses were performed using Stata, version 13.1 (StataCorp LLC).
Results
We identified 1915 admissions of patients who received the IV vancomycin plus a β-lactam agent combination therapy on at least hospital days 1 and 2 during the study period (eFigure in the Supplement ; P = .01). The AA-AKI incidences across the 6 hospitals ranged from 6 patients (4.2%) to 15 patients (11.5%) (P < .001).
Among recipients of any combination therapy on at least hospital days 1 and 2, AA-AKI was detected most often in recipients of vancomycin plus TZP (117 [11.7%]; Table 2 ). The Figure displays a Kaplan-Meier graph of AA-AKI-free survival for each combination therapy group. Baseline characteristics of recipients of combination therapy are shown in Table 3 . On multivariable analysis using a discrete-time failure model, receipt of IV vancomycin plus TZP combination therapy was associated with increased odds of AA-AKI each hospital day (adjusted odds ratio [aOR], 3.40; 95% CI, 2.26-5.14; Table 4 ). These findings were robust for the addition of an unmeasured confounder to the model across a range of plausible clinical scenarios (eTable 4 in the Supplement). In a sensitivity analysis of patients with a baseline SCr level less than the median SCr level for age and sex, a similar association between IV vancomycin plus TZP combination therapy and AA-AKI was observed (aOR, 4.14; 95% CI, 2.34-7.33).
Patients who sustained AA-AKI had increased length of stay (median, 13 days [IQR, 6-18 days] vs 10 days [IQR, 9-26 days]; P < .001) and increased in-hospital mortality (7 of 157 [4.5%] vs 22 of 1758 [1.3%]; P = .002), compared with patients who did not sustain AA-AKI. On multiple logistic regression analysis, AA-AKI, ICU level of care on hospital days 0 to 2, and 2 or more nephrotoxins on hospital days 0 to 2 were associated with increased in-hospital mortality, whereas receiving combination therapy was not (eTable 5 in the Supplement).
Discussion
Vancomycin is an important antibiotic for treatment of grampositive infections, but clinicians need to be cognizant of its potential for nephrotoxicity. When serious infections are suspected, vancomycin and a β-lactam agent are often coadministered to provide appropriate empirical broad-spectrum coverage until a pathogen is identified. Understanding how the nephrotoxic potential of vancomycin is altered by the choice of β-lactam agent can inform empirical antibiotic decisions that will reduce the risk for subsequent AKI. This study demonstrates that AKI in children receiving vancomycin appeared to be increased by coadministration of TZP compared with similar-spectrum β-lactam antibiotics. Our findings are in keeping with several recent studies in adults. [14] [15] [16] [17] [18] [19] Limited pediatric data are available, but previous investigations have suggested an association between TZP and AKI during courses of vancomycin. Knoderer and colleagues 32 reported that among children administered vancomycin for 8 days or more, a higher percentage of patients experiencing AKI received concomitant TZP (62% vs 38%), although this difference was not significant on multivariable analyses. McQueen and Clark 21 compared the incidence of AKI between children who received vancomycin alone (3.8%) and children who received vancomycin plus TZP (23.6%). This difference was significant in bivariate analysis, but a multivariate analysis was not conducted. To our knowledge, no pediatric studies have described an independent association of AKI with concurrent TZP and vancomycin administration. There is a risk of confounding by indication, but sicker patients may have been more likely to receive vancomycin plus TZP and thus were more likely to sustain AKI. We attempted to address this by adjusting for differences in patient characteristics and by comparing patients receiving similarly broad antibiotic coverage. Our results were also robust to the potential for unmeasured confounding that explains the association between vancomycin plus TZP combination therapy and AA-AKI. The negative association of AKI with outcomes of hospitalized children receiving vancomycin has been well documented.
11-13 As in our study, AKI has been associated with increased hospital length of stay and in-hospital mortality. 11-13 Few therapeutic approaches exist to mitigate AKI secondary to nephrotoxic medication exposure, aside from avoidance of these potentially injurious agents.
With limited alternatives to vancomycin for treatment of serious gram-positive infections, knowledge that concomitant TZP use carries an added risk of nephrotoxicity for children may help guide empirical β-lactam antibiotic selection. When adequate substitutes to TZP exist, other broadspectrum β-lactam antibiotics should be considered. In settings where TZP and vancomycin are both needed, clinicians should make efforts to limit the duration of combination therapy. Other β-lactam agents may less often be associated with AKI, but additional studies should evaluate how these antibiotics are associated with the development of other adverse events, such as Clostridium difficile infection, and antimicrobial resistance. The mechanism by which TZP and vancomycin cause greater nephrotoxicity is unknown. Piperacillin inhibits tubular secretion and clearance of other drugs, and an interaction between piperacillin and vancomycin may contribute to toxic consequences for proximal tubule cells. 33, 34 Rutter et al 18 reported that the incidence of AKI in adults receiving vancomycin plus either TZP or cefepime increased with higher dosages of TZP but not of vancomycin or cefepime. This finding suggests that TZP plays an important additive or synergistic role in vancomycin nephrotoxicity. However, because the PHIS+ data set does not include medication dosing information, we could not investigate the association between antibiotic dosage and AKI. Future studies need to determine the association between vancomycin and TZP dosing and subsequent AKI in children.
Higher vancomycin trough serum concentrations are associated with vancomycin nephrotoxicity in children.
9,10,13 For the subset of patients with initial vancomycin trough levels available in our study, trough concentrations were similar across the combination therapy groups. However, we did not incorporate trough concentrations into multivariable analyses because of the lack of information about the timing of doses in the PHIS+ database. We do not suspect that vancomycin doses or trough goals vary by β-lactam agent coadministration, given that vancomycin serum trough concentrations have been similar across combination therapy groups reported in the adult literature.
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Limitations
This study has several limitations. To focus on the empirical antibiotic decisions made on patient presentation, we restricted our cohort to children admitted through the emergency department and given combination therapy on at least hospital days 1 and 2. Our results are not necessarily generalizable to other clinical scenarios. For instance, the risk factors for AKI in patients starting antimicrobial therapy later during hospitalization may be different than in patients who are treated on admission
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; such patients may be sicker or have more comorbidities. In addition, we limited our analysis to AKI onset in the first week of hospitalization. The factors influencing AKI may differ in children with prolonged vancomycin administration, as suggested by Knoderer et al.
Investigation of AKI using administrative data sets is challenging. Certain variables, such as vital signs and fluid status, are not included in the PHIS+ database. Reliance on billing codes has low sensitivity and underestimates the incidence of nephrotoxin-associated AKI in children. 24, 35 To overcome this potential limitation, we leveraged a large administrative database supplemented with laboratory data and applied a systematic approach to defining AKI. This method resulted in an estimated AKI incidence in our study that is similar to that previously reported in the pediatric literature describing vancomycin nephrotoxicity. 10,36 The method of SCr level measurement likely differs at each of the 6 hospitals in this study, but the use of an AKI definition based on percentage change in SCr level allows for more consistent identification of AKI cases across all hospitals. Through implementation of rigorous screening criteria, we believe that we identified a cohort of hospitalized children with normal baseline kidney function and accurately captured AA-AKI on days 3 to 7 after admission.
Conclusions
This large, multicenter study using both administrative and laboratory data found that the combination of vancomycin and TZP was associated with AKI in children during the first week of hospitalization compared with vancomycin combined with 1 other similar-spectrum β-lactam agent. Because of the deleterious consequences of AKI, including increased length of stay and inhospital mortality, clinicians must be cognizant of the potential added risk of this combination therapy when making empirical antibiotic choices. Pediatricians must limit the duration of vancomycin plus TZP combination therapy, as is feasible, and closely monitor children for whom both of these drugs are necessary. 
